Ribulose 1,5-bisphosphate carboxylase/oxygenase was purified by a rapid, facile procedurp from formate-grown Pseudomonas oxalaticus. The electrophoretically homogeneous enzyme had specific activities of 1.9,mol of C02 fixed per min per mg of protein and 0.15 Amol of 02 consumed per min per mg of protein. The amino acid composition was similar to that of other bacterial sources of the enzyme. The molecular weights determined by sedimentation equilibrium and by gel filtration were 421,000 and 450,000, respectively. Upon sodium dodecyl sulfate electrophoresis of enzyme purified under conditions which would limit proteolysis, two types of large (L) subunits and two types of small (S) subunits were observed with apparent molecular weights of 57,000, 55,000, 17,000, and 15,000. By densitometric scans at two different protein concentrations the stoichiometry of the total large to total snall subunits was 1:1, implying an L6S6 structure. Electron micrographs of the enzyme revealed an unusual structure that was inconsistent with a cubical structure. The enzyme had an unusually high Km for ribulose 1,5-bisphosphate (220 ,uM) and was strongly inhibited by 6-phosphogluconate in the ribulose 1,5-bisphosphate carboxylase assay (Ki = 270 rAM). One, 5, and 12 days after purification the enzyme was half-maximally activated at 0.13 mM, 0.23 mM, and 0.70 mM C02, respectively, at saturating Mg2'. At saturating C02, enzyme 1 day after purification responded sigmoidally to Mg2+ and was half-maximally activated by 0.85 mM Mg2e in the absence of 6-phosphogluconate (Hill coefficient, h = 2.0) and by 0.19 mM Mg2e in the presence of 1 mM 6-phosphogluconate (h = 1.7). D-Ribulose 1,5-bisphosphate carboxylase (RuBP carboxylase; 3-phospho-D-glycerate carboxylase dimerizing, EC 4.1.1.39) catalyzes the condensation of one molecule each of C02, H20, and ribulose 1,5-bisphosphate (RuBP) to fonn two molecules of 3-phospho-D-glycerate and initiates net C02 fixation in autotrophs (33). The same protein, functioning as a monooxygenase, catalyzes the oxygenolytic cleavage of RuBP to phosphoglycolate and 3-phospho-D-glycerate (4, 28), the reaction thought to be responsible for photorespiration in higher plants (3). Both RuBP carboxylase and oxygenase activities are acquired only after sequential binding of C02 and Mg2e (6, 29) , a phenomenon referred to as activation.
discussed (34, 36) .
Pseudomonas oxalaticus is a facultative autotroph which assimilates carbon via the Calvin cycle when grown on formate. Both the labeling of Calvin cycle intermediates by [14C] formate as well as the presence of two unique enzymes of this cycle, RuBP carboxylase and phosphoribulokinase, support this conclusion (8, 42) . Com- pelling thermodynamic arguments suggest that the ancient earth had a reducing atmosphere (51) . Since formate is more reduced than CO2, P. oxalaticus may have descended from a primitive chemolithotroph and was therefore of interest in an evolutionary context. We now report the purification and characterization of RuBP carboxylase from this organism.
MATERIALS AND METHODS Materials. Protein standards for column chromatography and sodium dodecyl sulfate (SDS) electrophoresis were purchased from Sigma, as well as RuBP (tetrasodium) and 6-phosphogluconate (6-PGN; trisodium). NaH'4C03 was purchased from Schwarz/Mann. All other more common reagents used were of the highest quality commercially available. P. oxalaticus OXI was obtained from W. Harder, Department of Microbiology, University of Groningen, The Netherlands.
Maintenance of cultures and growth of P. oxalaticus. Cultures were grown as described by Blackmore et al. and maintained on nutrient-broth agar slants or plates containing 10 to 15 mM potassium or sodium oxalate (8) . The formate medium used was identical to that of Jayasuriya (19) . For the seed culture, 2 to 3 liters of formate medium in a 6-liter flask was inoculated with 10 to 20 ml of a culture which had been grown with shaking at 200 rpm (30°C) to the late log or early stationary phase on nutrient broth plus 10 mM potassium or sodium oxalate. The seed culture was then used to inoculate either five to seven 6-liter flasks containing 2.5 liters each of formate medium or 13 liters of formate medium in a 40-liter carboy. The 6-liter flasks were shaken at 200 rpm (30°C), and the 40-liter carboy was continuously aerated overnight (30°C). The cultures were harvested in the late log or early stationary phase with a Sharples continuous-flow centrifuge at 23°C, washed once with TEMB buffer (50 mM Tris-chloride, 0.1 mM EDTA, 10 mM MgCl2, and 50 mM NaHCO3, pH 8.0 at 23°C) and stored at -20°C until ready for use. For purification of enzyme under conditions limiting proteolysis, cells were used immediately upon harvest. In all cases, prior to utilization, cultures were streaked on nutrient broth agar, and the resultant plates were observed for purity at 24, 48 , and 72 h.
Activation and assay of enzyme during purification. For assay of the carboxylase during purification, 10 to 50 Id of enzyme in TEMMB buffer (TEMB buffer plus 5 mM 2-mercaptoethanol) was mixed with 16 ,umol of Tris-chloride (pH 8 .0, 23°C), 5 ,umol of NaH"4CO3 (specific activity, 0.1 Ci/mol), and Purification. All procedures were carried out at 2 to 4°C unless otherwise indicated. Formate-grown P. oxalaticus wet-packed cells (29 g ) were thawed at 23°C in 30 ml of TEMMB buffer. One milligram of DNase II was added, and the resulting solution was stirred at 2°C for 30 min. The cell slurry was passed through a French press at 15,000 lb/in2 two times. The broken-cell suspension was centrifuged at 50,000 x g for 1 h, and the resulting supernatant was diluted 1:2 with TEMMB buffer. Failure to make this dilution resulted in a much broader fractionation range with (NH4)2SO4. The solution was adjusted to 30% saturation with a saturated solution of alkaline (NH4)2SO4 (pH 7.3) and incubated for 10 to 15 min prior to centrifugation at 27,000 x g for 10 min. The supernatant was adjusted to 40% saturation with the alkaline (NH4)2SO4 solution and incubated and centrifuged as before. The pellet was resuspended in 13 ml of TEMMB. Two-milliliter portions of the resulting solution were applied to each of six 37-ml 0.2 to 0.8 M linear sucrose gradients prepared in TEMMB buffer, and each was centrifuged in an SW27 swinging-bucket rotor at 27,000 rpm for 20 h. Each tube was punctured, 1 .0-ml fractions were collected, and the optical density (at 280 nm) and enzyme activity were determined. Peak tubes were pooled and applied to a DEAE-cellulose column (2.5 by 3 cm) which had been previously equilibrated with HEMMB buffer (identical to TEMMB except monosodium HEPES [N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid] was substituted for Tris-chloride). The column was washed with two column volumes (15 ml each) of HEMMB and two column volumes of 0.15 M NaCl in HEMMB. Upon addition of this latter buffer, 2-ml fractions were collected, absorbance at 280 nm was determined, and peak fractions were pooled and stored at 2'C.
Isolation under conditions limiting proteolysis. For the purification of RuBP carboxylase under conditions that would limit proteolysis, 13 g of freshly harvested and washed cells was divided into two equal portions. One portion was suspended in 12 ml of 50 J. BACTERIOL.
on July 9, 2017 by guest http://jb.asm.org/ Downloaded from mM Tris-chloride-1.0 mM EDTA-50 mM NaHCO3 (pH 8.0, 23°C). Just before rupture of the cells, DNase I (1 mg) was added with a quantity of 100 mM atoluene sulfonyl fluoride in isopropanol sufficient to bring the final concentration of this reagent to 1 mM. The resulting cell slurry was sonically treated at 2°C three times, 1 min each time, with 30-s intervals on ice to allow the slurry to cool. The rest of the purification was performed as described earlier except that the Tris buffer containing a-toluene sulfonyl fluoride was substituted for TEMMB and the sample was not fractionated on DEAE-cellulose. A parallel purification was done in the absence of a-toluene sulfonyl fluoride using TEMMB as a buffer.
Electrophoresis. SDS electrophoresis and electrophoresis under nondenaturing conditions were performed as described by Laemmli (24) . After the tracking dye had progressed to the lower one-fifth of the gels, the gels were removed and fixed overnight in 50% trichloroacetic acid (wt/vol), stained for 4 h with 0.1% brilliant blue R in 50% trichloroacetic acid (wt/vol), and destained in 7.5% acetic acid by diffusion.
Amino acid analysis. (52) . The duration of sedimentation at 10,000 rpm was approximately 12 h, and attainment of equilibrium in this period was established. Interference fringe displacement was measured with a Gaertner comparator. The partial specific volume was calculated from the amino acid composition (12) . The apparent weightaverage molecular weight was calculated as described by Yphantis (52) .
For the molecular weight determination by gel filtration, 6 .0 g of P. oxalaticus was suspended in 6.0 ml of TEMMB and sonically treated for 2.0 min, and the suspension was centrifuged at 50,000 x g for 30 min. The resulting supernatant (3.6 ml) was applied to a calibrated Sephadex G-200 (120-mesh) column (2.5 by 37 cm) preequilibrated with TEMMB. The enzyme was eluted with TEMMB at a flow rate of 20 ml/h. The elution volume of enzyme was monitored by enzymatic assay as described for the purification procedure, and that of each standard was followed by optical density at 280 nm.
Electron microscopy. Samples were prepared identically to those of the Thiobacillus intermedius enzyme except 1.0 ml of enzyme was passed through a Sephadex G-25 column (0.7 by 15 cm) equilibrated with 75 mM ammonium acetate before microscopy (41) (6, 29) . The enzyme had an optical density ratio (280 nm/260 nm) of 1.44 to 1.76 in replicate purification, indicating the absence of nucleotide residues. The carboxylase activity was unstable to freezing in TEMMB buffer and also lost 80% of its activity in 3 weeks when stored in the same buffer at 2°C. The enzyme was slightly more stable in HEMMB buffer in that 50% of the original activity was lost in 2 to 3 weeks when stored at 2°C. A typical purification was completed in 36 h. The instability of the enzyme was offset by its rapid purification.
Amino acid analysis. Marchalonis and Weltman (31) introduced a statistical parameter (SAQ) which defines similarities in amino acid composition of proteins from two different sources. The lower the SAQ value, the more similar the amino acid composition. As might be expected, the SAQ value for the comparison of the P. oxalaticus enzyme with that from A. eutrophus, another chemolithotroph, was 14 and much lower than the value of 38 for the comparison of RuBP carboxylase with that from Chromatium, a photolithotroph ( Table 2 ). Although not shown, the SAQ with respect to the Pseudomonas facilis enzyme (22) Fig. 1 for other specifications. from 7.5 and 10% acrylamide, up to four bands were observed (Fig. 2) . On the latter gels, with protein loads in excess of 10 jig, two bands were observed in the lower half of the gel, corresponding to molecular weights of 15,000 and 17,000. In contrast, these species were coincident with the tracking dye on gels polymerized from 7.5% acrylamide. At protein loads of less than 8 ,ig, two bands were observed in the upper half at both gel concentrations, and these two bands correspond to molecular weights of 54,000 and J. BACTERIOL. 56,000. Four bands corresponding to these molecular weights were also observed upon SDS electrophoresis of enzyme purified from freshly harvested cells under conditions that would limit proteolysis. The mole ratio of total large to total small subunits was determined by dividing the area under the respective peaks determined densitometrically (not shown) by the average molecular weight (56,000 or 16,000) and was found to range from 1 (Fig. 3A, inset ). Few structures with holes were observed. As can be seen in micrographs of the T. intermedius enzyme (Fig. 3B) , cubical structures and numerous structures with holes are present. Cubical structures and structures with holes have also been observed in micrographs of enzymes from Chromatium (44), Euglena gracilis (35) , and tobacco (7). The enzymes from T. intermedius, E. gracilis, Chromatium, and tobacco consist of 8 large, 8 large:8 small, 8 large:8 small, and 8 large:8 small subunits, respectively (7, 35, 41, 44) . Clearly the enzyme from P. oxalaticus is different when compared to enzymes of cubical structure.
Ki for 6-PGN and Km for RuBP. For the determination of the Ki for 6-PGN, the assay time was very short and the reaction was initiated by the addition of activated enzyme to the reaction components, to distinguish between the effects of 6-PGN on activation and catalysis (26) . Because of the very short C02-fixation times (15 s) in these and other kinetic studies, some precision was sacrified to ensure measurements that would reflect initial rates of catalysis by enzyme which had been activated as described. The Ki and Km by double-reciprocal plots (Fig. 4) Rate of activation. The rate of activation of the enzyme was studied under optimal and suboptimal conditions for activation in the presence and absence of 1 mM 6-PGN. In no case did 6-PGN significantly alter the rate of activation of the enzyme (Fig. 5A to D) . After 5 min of preincubation at 30°C, the enzyme was typically at? 75 to 85% of its maximal state of activation under the conditions described, and at 20 min the enzyme was very near or at its maximal activation state. In addition, studies of the CO2 dependence at saturating Mg2+ concentration (20 mM) revealed a strong sigmoidal response after either 5 or 20 min of preincubation (Fig. 6) . Indeed, at 5 and 20 min of preincubation, the Hill coefficients (h; see ref. 5) were 1.9 and 2.2, respectit*ly.
Age of enzyme and response to CO2 in preincubation. During the activation studies, Rates of activation of RuBP carboxylase from P. oxalaticus at optimal and suboptimal condition in the presence and absence of 1 mM 6-PGN. PGNA.C indicates the presence of 1 mM and 0.2 mM 6-PGN during activation and catalysis, respectively. No PGN indicates the absence of 6-PGN during activation and catalysis. Insets describe the conditions of activation, and the abscissas describe the length of time of activation at 300 C. The assays were initiated with 18 [Lg of 4-day-old enzyme with a specific activity of 1.7 units/mg. This enzyme preparation had been stored at 20 C in the buffer described supplemented with 1 mM 2-carboxyhexitol 1,6-bisphosphate. The concentration of enzyme in the activation mixture was 0.35 mg/ml. CO2 was supplied as NaHCO,3, and concentrations were derived by dividing the NaHCO3 concentration by 30 (13, 38) . it was found that the concentration of C02 at which the enzyme was half-maximally activated (Acto.5) varied significantly from experiment to experiment. Subsequently, a review of the data revealed that the Acto.5 for CO2 was a function of the age of the enzyme (Fig. 7) . Enzyme preparations 1, 5, and 12 days after purification, which had been stored at 20C in the purification buffer described, had Acto.5 values of 130, 230, and 700,tM, respectively.
Effects of Mg2" and 6-PGN upon activation. When Mg2e was varied in the activation mixture using freshly prepared enzyme (1 day post-purification), under conditions which distinguish between activation and catalysis (26), a sigmoidal response was observed (Fig. 8A) . The addition of 6-PGN to the assay mixture did not alter the Hill plot (Fig. 8B) and y intercepts were, respectively: 16.5 ± 2.1 x 10-l and 12.7 ± 1.3 x 10'1 for PGNAc and 19.3 ± 1.03 x (age of enzyme on activation with 10-1 and 8.01 ± 3.68 x 10-2 for PGNc and no PGN. In )ere initiated with 50 ,ul of enzyme statistical analysis, data obtained under the latter 32 mg/ml), 5 days (0.44 mg/ml), or two experimental conditions were treated together.
I aays old (U.5 mg/mlJ. 10a% activity values for 1-, 5-, and 12-day-old enzyme were 1.4, 1.5, and 1 unitsl mg. The older enzyme preparations were from the same enzyme batch. Activation was for 5 min at 30°C in the presence of20 mM Mg2" at varied CO2 concentrations.
addition of 1 mM 6-PGN to the activation mixture, a large enhancement was observed in response to increasing Mg2" concentration. Indeed, the presence of 1 mM 6-PGN in the activation When rigorous efforts were taken to "free" the reagents and enzyme from divalent metal ions, background activities for PGNA,c, PGNc (see legend for Fig. 8 ), and no PGN were 4.11, 4.88, and 2.53 nmol/min, respectively (Fig. 8A, legend) . The difference in maximal activities for PGNA,C and PGNc (Fig. 8A ) was probably ffilusory because numerous other experiments have shown that 1 mM 6-PGN has no effect upon the maximal state of activation. DISCUSSION In the present report, a facile procedure for the purification of RuBP carboxylase from P. oxalaticus is described. The enzyme is moderately unstable, a liability which is offset by the rapidity and ease of purification. The amino acid content of the enzyme is similar to other bacterial RuBP carboxylases of T-type structure. SDS electrophoresis of the homogeneous enzyme reveals four types of subunits having molecular weights of 56,000, 54,000, 17,000, and 15,000. Recently, RuBP carboxylase from A. eutrophus cells, which had been stored in a frozen state, was shown to contain 56,000-, 52,000-, and 15,000-dalton subunits (39, 40) . As with the A. eutrophus enzyme, the mixed large subunits of the P. oxalaticus enzyme could be partially separated only at low protein loads on SDS gels.
In the present work, purification of the enzyme in the presence of EDTA, in the absence of thiol, and in the presence of a serine proteinase inhibitor (conditions which minimize proteolysis, see ref. 32 ) yields a protein of identical quaternary structure. Therefore the observed subunit heterogeneity is probably not the result of proteolysis after cell breakage, a conclusion also reached for RuBP carboxylase from A. eutrophus (39). Kung et al. (23) reported heterogeneity of both large and small subunits upon electrofocusing of the enzyme from a higher plant source, Nicotiana tabacum, in the presence of urea. However, proteolysis after cell breakage was not excluded as an explanation of the observed heterogeneity. If the chloroplast DNA-encoded large subunits are indeed heterogeneous in this enzyme from tobacco, heterogeneity of analogous subunits from procaryota would be compatible with the endosymbiont theory of chloroplast origin (37) . Of special interest in the context of evolution is the present report of the occurrence of heterogeneous small subunits in RuBP carboxylase from P. oxalaticus. This finding suggests that small subunit diversification may have preceded the establishment of eucaryotic photosynthetic forms and should prompt a reinvestigation of quaternary structures of this enzyme from certain bluegreen (cyanobacteria; 49, 50) and green algae (18, 27, 44) . The mechanism by which the procaryotic structural genes (for small subunits) may have been integrated into the nuclear genome of emerging eucaryotic photosynthetic forms is, however, not clear. Whatever the evolutionary origin of the gene(s) specifying small subunits of eucaryotic RuBP carboxylase, it is evident that considerable evolutionary change has occurred. The gene products, i.e., small subunits, diverge substantially in amino acid composition even among higher plants (36) .
The P. oxalaticus enzyme was found to have molecular weights of 420,000 and 450,000 in sedimentation equilibrium and gel filtration experiments, respectively. Electron micrographs indicate a structure clearly different from cubical RuBP carboxylases. The native enzyme structure most consistent with the data is six large (L) and six small (S) subunits. The enzymes from R. sphaeroides (peak II) and C. thiosulphatophilum are the only hexameric molecules described prior to this report, but these enzymes consist only of large subunits (15, 48) . The present data are compatible with the stoichiometric addition of small subunits to these hexamers during evolution. P. oxalaticus may have descended from the resultant organism. The isolation of bacterial L2, L6, L8, and L8S8 enzymes raises an interesting question as to whether the L6S6 structure was on the evolutionary path to L8S8 or whether the latter was simply derived from an L2 ancestor.
With regard to catalytic properties, RuBP carboxylase from P. oxalaticus has an unusually high Km for RuBP of 220,IM, which is similar to that for the enzyme from P. facilis (235 fiM; ref.
21). In marked contrast, the enzymes from tobacco, spinach, T. intermedius, and R. rubrum have Km's for RuBP (also measured in Tris buffer) of 20, 22, 76, and 53 ,uM, respectively (20, 41, 45) . In the concentration range of 50 oxalaticus by altering the Act0.5 for CO2 and Mg''+ (26) . The present work establishes that 6-PGN has no significant effect on the rate or final level of activation of the enzyme from P. oxalaticus. In this context, it is important to emphasize the effect of age on the Acto.5 for CO2. Caution must be exercised in interpreting data pertaining to Acto.5 when aged enzyme is used. Our data suggest considerable age-dependent variation in relative rates of activation. Indeed, this may explain the long activation times required for the R. rubrum enzyme (10) .
In spite of the differences, which may be more apparent than real, between the effects of 6-PGN upon activation of the enzyme from R. rubrum and P. oxalaticus, we stress that the 6-PGN regulatory site has apparently been conserved during evolution (10, 26) . In contrast, the active site has been modified in that only the higher enzymes (L6S6, Ls, and L8S8) are inhibited by this ligand.
As has been mentioned, the mode of regulation of activation by 6-PGN has been described (26) . In our previous work, the addition of 1 mM 6-PGN decreased the Act+.5 for added Mg2> from 1.4 to 0.2 mM. Although rigorous attempts were not made to free reagents and enzyme of Mg2+, it was shown that the decrease in the Acto.5 for Mg'2+ was not due to Mg2+ present in the 6-PGN preparation. In our previous work, no cooperativity was observed when Mg2+ was varied. The J. BACTERIOL. lack of sigmoidal response could have been due to the age of the enzyme (4 days), or because the enzyme and reagents had not been freed of Mg2 . The latter explanation is more likely since very high activities, i.e., 17 and 33% of the total activity, were observed when no Mg'' was added to the preincubation mixture for PGNc and PGNA,c, respectively. In the present work, background activities of 7, 13, and 14% of the total activity were observed for no PGN, PGNc, and PGNA,C, respectively. In this work the activation time was increased from 5 to 20 min (conditions which allow activation to go to completion), the enzyme and reagents were freed of Mg2+, and freshly prepared enzyme was used to minimize the effects of age. The background activities observed when no Mg2`was added to the preincubation mixture are of interest. It seems likely that these activities reflect activation in the 15- s assay, since addition of Mg2+ to the enzyme-CO2 complex is the fast step in activation of the higher plant enzyme (7, 29) and, perhaps, the R. rubrum enzyme (10) .
In summary, we have described the isolation of an RuBP carboxylase of unique quaternary structure, L6S6, from the facultative chemolithotroph P. oxalaticus. The present report establishes, then, for the first time that an enzyme having less than eight small subunits can be isolated. In the context of a survey of structurefunction relationships, we have yet to find systematic variations in function which reflect the variety of structures found in nature for this interesting enzyme.
